Introduction
Strained Si technology is important for engineering field-effect transistors (FETs) [1, 2] . There are two types of the strained Si technologies. One is so-called global strained Si technology. Another is so-called local strained Si technology. The former is the technology of using a strained Si substrate which has a several-dozen-nanometers-thick strained Si layer at the top of the substrate [3] [4] [5] . The strained Si layer is obtained by growing Si on SiGe, therefore, large tensile strain with biaxial isotropy can be induced in Si. The isotropic biaxial tensile strain in Si allows for performance improvements for both of n-and p-type FETs. Homogeneous strain distribution can be obtained under the critical thickness of the strained Si layer [6] .
In the latter case, the strain is induced only in the desired region, the channel region of FET [7, 8] . A SiN film is used as the stressor that can induce tensile or compressive uniaxial stress in Si by changing the deposition conditions of the SiN film [9, 10] . The uniaxial tensile strain enhances electron mobility, while the uniaxial compressive strain enhances hole mobility. Various kinds of the local strained Si techniques have so far been suggested by many researchers [11, 12] . The combination of the global and local strained Si technologies is considered effective to induce extremely large strain in Si. Fin-type structures have been reported for high-performance FETs [13] . It is considered that the stress relaxation occurs during the fabrication of the fin-shaped strained Si layer. There are many other origins of strain fluctuations, e.g., shallow trench isolation (STI), metal gate electrodes, silicide, interconnections, and its layout. As a result, the stress states in the future generation FETs become complicated. The relationship between the electrical properties of FETs and the strain is also complicated. Therefore, to measure the complicated stress states in Si has great demand in order to improve the FET performance effectively.
Several kinds of strain or stress measurements have been studied, e.g., X-ray diffraction (XRD), transmission electron microscopy (TEM), electron backscattering diffraction (EBSD), and Raman spectroscopy [4, [14] [15] [16] . Among them, Raman spectroscopy has the advantages such as high sensitive to local strain, submicron spatial resolution, nondestructive measurements, fast measurements, and ease of use. Consequently, Raman spectroscopy has been frequently used by many researchers to measure the strain in Si [3, [7] [8] [9] [17] [18] [19] [20] [21] . However, conventional Raman spectroscopy fails to measure the complicated stress states in Si. The reason is as follows. Backscattering geometry from a (001) Si substrate is generally used in Raman measurements of strained Si. In this geometry, only one of three optical phonon modes is Raman active, while two of three modes are Raman inactive. The limitation arises from the extremely high symmetry of the Si crystal. As a result, the weighted average value of the complicated stress state is obtained, that is, it is impossible to perform quantitative measurements of strain by conventional Raman spectroscopy.
Si has three optical phonon modes: one longitudinal optical (LO) phonon mode and two transverse optical (TO) phonon modes, the polarizations of which are parallel and perpendicular to the phonon wave vector, respectively. Recently, the forbidden optical phonon modes, the TO phonon modes, were excited even under the (001) Si backscattering geometry, using a high-numerical aperture (NA) liquid-immersion lens [22] [23] [24] . If all of the three optical phonon modes are detectable, the unknown three components of a stress tensor in Si can be obtained in theory [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] . The high-NA liquid-immersion Raman spectroscopy has great potential for measuring the complicated stress states in Si with high spatial resolution.
On the other hand, the number of stress tensor components is six. Therefore, the evaluation of nondiagonal stress components, shear stress components, is considered difficult even detecting the TO phonon modes. The shear stress is often generated at the discontinuous region, e.g., around STI and at the edge of a contact etch stop layer. The shear stress often produces dislocations in Si, which cause leakage current during transistor operation [36, 37] . The shear stress measurements are desired for failure analysis. The induction of the stress with the nondiagonal components requires the transformation of the Raman tensors. Therefore, Raman spectroscopy is essentially sensitive to the shear stress.
In this study, anisotropic stress states in Si were measured by the high-NA liquidimmersion Raman spectroscopy. Strained SiGe was also measured by the same technique. SiGe has been suggested as the channel material of next generation FETs, because the both mobilities of electrons and holes in SiGe are higher than those in Si. Furthermore, the strain induction in SiGe is considered effective for improving electrical properties of SiGe FETs in the same way as strained Si [38] [39] [40] [41] . The nondiagonal stress components, shear stress components, were measured by analyzing the dependence of Raman spectra on the relative polarization direction between sample orientation and electrical fields of incident and scattered light.
Experimental procedure

Excitation of TO phonon modes
The Raman intensity is calculated by the following equation [ 
where Rj is the Raman tensors of Si [43] . ei and es are the electrical fields of incident and scattered light, respectively. The superscript T denotes transpose. From Eqs. (1) and (2), the TO phonon modes are not excited under the (001) Si backscattering geometry. This is because the component of z polarization of the incident light is reduced to almost zero in the case of the (001) Si backscattering configuration. The z polarization is thus needed to excite the TO phonon modes in Si. It is considered that oblique light relative to the (001) Si surface gives rise to the z polarization. Fig. 1 shows the experimental set-up for oblique incident light configuration in this study. The glancing angles of the laser against the sample were 30 and 90, as shown in Fig. 1 . Fig.  2 shows the examples of calculations for the Raman intensities in the 90 and 30 configurations, using Eqs. (1) and (2) . In the case of the 90 configuration, the (001) Si backscattering configuration, the TO phonon modes are Raman inactive and the LO phonon mode is Raman active, as mentioned above. On the other hand, in the case of the 30 configuration, the oblique incident light configuration, the TO phonon mode is Raman active. This fact arises because the z polarization of the incident light can be obtained in the oblique incident light configuration. In the rough approximations, the Raman intensities are considered to be the same for the 90 and 30 configurations, as shown in Fig. 2 . The intensity ratio of the TO phonon mode to the LO phonon mode in the 30 configuration is calculated to be;
where  is the aperture angle in Si. In the 30 configuration,  is approximately 12.13 in the case of  = 532 nm laser because Si has the large refraction index [44] . Therefore, the intensity of the TO phonon mode are much small, compared to that of the LO phonon mode even in the 30 configuration. The detection of the TO phonon modes is basically considered difficult. Moreover, for the oblique incident light configuration, high-resolution measurements cannot be achieved because it is difficult to use the high-NA lens and the beam spot becomes an ellipse. In this study, the high-NA liquid-immersion lens was used in order to obtain the oblique light relative to the (001) Si surface.
An aperture angle  is calculated by NA = nsin (where n is a refractive index).  is equal to 44 .4 in conventional Raman spectroscopy with the use of NA = 0.7 objective (n = 1.0). On the other hand,  is equal to 69.0 in high-NA liquid-immersio Raman spectroscopy with the NA = 1.4 liquid-immersio lens (n = 1.5). However, the incident light widely refracts at the interface of the Si surface because Si has the large refractive index as mentioned above. The refractive index of Si for the  = 364 nm light (where  is wavelength) is approximately 6.5 [44] . Therefore,  in Si results in 6.2 in conventional Raman spectroscopy (NA = 0.7). This configuration is almost under the (001) Si backscattering geometry, i.e., the component of the z polarization is reduced to almost zero. This fact causes that the TO phonon modes are 
90 configuration 30 configuration It is important to choose the appropriate NA and the wavelength for the excitation of the TO phonon modes. The intensity of the TO phonon mode excited by high-NA liquid-immersion Raman spectroscopy is estimated as follows. The TO phonon modes are excited mainly by the marginal ray of incident light. The Raman intensity can be calculated by the following equation [45] :
where i and s are the solid angles of incident and scattered light, respectively. The intensity ratio of the TO to LO phonon modes is considered to be the intensity ratio of the z component of the marginal ray to the paraxial ray. Fig. 3 shows the intensity ratio of TO to LO phonon modes as a function of NA with the use of visible light. The aperture angle dependence on NA is also shown in Fig. 3 . The intensity ratio of the TO to LO phonon modes as well as the aperture angle in Si increases with the increase in NA. Note that drastic increase is confirmed especially beyond NA = 1.0 for the intensity ratio of TO to LO. The value is approximately 2.0% for NA = 1.4 with the use of visible light, while the value is approximately 0.5% with the use of UV light, as shown in Table 1 . From the estimations, the intensity of the TO phonon mode is very low, compared to that of the LO phonon mode. Actually, it is important to suppress the intensity of the LO phonon mode for the excitation of the TO phonon modes. This can be accomplished by the Raman polarization selection rules [42] . Fig. 4 shows the Si Raman intensities of the LO and TO phonon modes calculated by Eq. (1) as a function of a polarizer azimuth angle. For the LO phonon mode, the intensity changes in the period of 180. On the other hand, for the TO phonon mode, the intensity is independent on the polarizer azimuth angle (the value is exaggerated for ease to view). This is because the component of the z polarization obtained by the oblique light remains constant all over the angles. As a result, the measurable Raman intensity profile is the sum of the intensities of the LO and TO phonon modes, which is shown by the dashed line in Fig.  4 . From Fig. 4 , the LO phonon mode can be detected at the polarizer azimuth angle of 0, 180, and 360. These correspond to the LO active configurations. On the other hand, the TO phonon mode can be detected at the angle of 90 and 270. These correspond to the TO active configurations. The TO and LO phonon modes can be separately detected by the Raman polarization selection rules. It is possible to evaluate complicated stress states in Si by analyzing multi-optical phonon modes.
Methodology of measurements for anisotropic biaxial stress states in Si
In this section, the methodology of measurements for anisotropic biaxial stress states in Si by liquid-immersion Raman spectroscopy is shown. In the previous section, it was shown that the z polarization can be created by the oblique light due to the high-NA liquid-immersion lens. Consequently, the TO phonon modes in Si can be excited by the z polarization even under the (001) Si backscattering geometry. The TO phonon modes allow for the measurements of the anisotropic biaxial stress states in Si.
The force constant of a Si crystal changes by the induction of strain. Consequently, the optical-phonon frequencies also change. The difference of the force constant K is represented as a second-rank tensor. The eigenvalues of K after the induction of the strain can be obtained by solving the secular equation [29] . The square roots of the eigenvalues correspond to the changes of the optical-phonon frequencies (the Raman wavenumber shifts). Three equations between the strain (stress) and the Raman wavenumber shifts are obtained because Si has three optical-phonon modes (two TOs and one LO).
Suppose that there is a linear relationship between K and strain [26] . 
where  is a strain tensor. A is a fourth-rank tensor whose components are p, q, and r called phonon deformation potentials (PDPs). Generally, transistors are fabricated on (001) Si substrate in the direction of [110] Si. Therefore, the coordinate transformation makes analysis easy [46] . Second-rank and fourth-rank tensors are transformed in the coordinate system of x = [110], y = [110], and z = [001] by the following equations:
where T and a are a second-or fourth-rank tensor and a transformation matrix, respectively. Hence, Eq. (5) results in:
where the primes denote the components in the coordinate xyz. The secular equation of K is below:
where  is the eigenvalues. An anisotropic biaxial stress state is represented as the following second-rank tensor:
where xx and yy are the stress components in the directions of [110] and [110], respectively. Generally, stress induction changes not only optical-phonon frequencies but also Raman tensors. However, in the case of the stress tensors only with the diagonal components, there are no changes of the Raman tensors. Therefore, the Raman polarization selection rules after the induction of the biaxial stresses xx and yy remains as those of stress-free Si [46] . The Raman tensors in the coordinate xyz are as follows [46] :
Stress tensors are transformed to strain tensors by Hooke's law: 
where S expressed by Eq. (15) is the elastic compliance tensor. The components of S, S11, S12, and S44 are 7.68  10  12 , 2.14  10  12 , and 12.7  10  12 1/Pa, respectively [17] . The transformation of the fourth-rank tensor S by Eq. (8) is needed. The strain tensor  expressed by Eq. (14) is substituted for Eq. (11) and then the eigenvalues i are calculated.
As a result, using Eq. (16), the relationship between the Raman wavenumber shifts is and the anisotropic biaxial stresses xx and yy are obtained as follows [35] : 
where b is so-called the b coefficient which is used for the evaluation of isotropic biaxial strain biaxial in strained Si substrates using the Raman wavenumber shift of the LO phonon mode 3 [21, 47] . Various PDPs have so far been suggested by many researchers. The suggested PDPs and the citation count are shown in Table 2 . Forty-five papers were confirmed. As shown in Table 2 , the values of PDPs are fluctuated. Thirty-seven of forty-five papers, approximately eightytwo percent papers, referred PDPs suggested by the Cardona's group in 1970-1990. Nakashima et al. examined the b coefficient in detail using strained Si substrates by Raman spectroscopy and high-resolution XRD in 2006 [21] . Furthermore, the detailed investigation of the b coefficient was performed in the working group of Japan electronics and information technology industries association (JEITA) in 2007 [48] . Eight organizations attended the working group: three companies for XRD measurements, three companies and one University for Raman measurements, and one company for Rutherford back scattering (RBS) measurements. The b coefficient of 769 cm -1 was obtained [16] . Extreme care is needed to choose appropriate PDPs.
Authors (year)
In this study, the validity of three sets of PDPs was evaluated by liquid-immersion 
Methodology of measurements for nondiagonal stress components
In the case of the induction of stress with the only diagonal stress components, strain- 
where i * and i are the strain-modified eigenvectors for the introduction of stress with the nondiagonal and only diagonal stress components, respectively. Assuming the stress tensor shown by Eq. (12), the Raman tensors Ri changes to Ri
where  indicates nonzero components (each value is not always the same), some of which depend on the eigenvalues obtained by solving the secular equation of Eq. (11). R2 * has the same form as the Raman tensor R2 because of xy = yz = 0. Therefore, R2 corresponds to the TO phonon mode with the eigenvector in the y direction. On the other hand, R1 * and R3 * no longer correspond to purely transverse and longitudinal modes, respectively, because their eigenvectors do not coincide with the x and z axes, respectively. Consequently, the Raman intensity is changed by the nondiagonal stress components obeying the Raman polarization selection rules. The nondiagonal stress components can be evaluated by analyzing the dependence of the Raman spectra on the relative polarization direction between the sample orientation and the electrical fields of incident and scattered light. The methodology is described as follows.
The methodology for evaluating complicated stress states was reported by Ossikovski et al [33] . They employed an experimental configuration that used oblique incident light to observe the forbidden modes, i.e., the TO phonon modes. In our experiments, the high-NA liquid-immersion lens was used to observe the TO phonon modes. High spatial resolution was preserved in liquid-immersion Raman spectroscopy.
First, a stress tensor is considered, and then the strain tensor is calculated by Hooke's law by Eq. (14) . The strain tensor is substituted for the secular equation of Eq. (11). Three phonon eigenfrequencies of Si have been determined so far. Si is a nonpolar cubic crystal, that is, there is no difference between the TO phonon modes and LO phonon mode [52] . As a result, the three determined phonon eigenfrequencies are independent of the phonon wave vector. Second, the Raman tensors are determined using Eq. (22) . Their forms change when the nondiagonal stress components are nonzero. Subsequently, the Raman intensity of each phonon mode is calculated by the Raman polarization selection rules given by Eq. (1). Third, each Raman spectrum is considered to be a Lorentzian function i() [35] :
where , i, and  are the Raman shift, the phonon eigenfrequencies , and the half width at half maximum of the spectrum, respectively. It is considered difficult to analyze each spectrum of the TO and LO phonon modes. Therefore the effective phonon eigenfrequency eff is used as a representative value. The effective value is the weighted average of the phonon eigenfrequencies relative to their intensities, as expressed by the following equation [26] :
where IT is the total intensity of the three phonon modes. Eq. (25) is valid because the straininduced splitting between the TO and LO phonon modes is small, compared to . An example of a spectrum with the effective phonon eigenfrequency and the spectra of the TO and LO phonon modes are shown in Fig. 5 . A uniaxial stress xx of 1.0 GPa is assumed in the calculation. In Fig. 5 , the Raman spectra with the eigenfrequencies of 1, 2, and 3 appear, which correspond to the optical phonon modes with the eigenvectors x, y, and z, respectively. The dashed line shows the Raman spectrum with the weighted average eigenfrequency. The Raman signal of the TO phonon modes with the eigenvectors x and y are obtained by the z polarization due to the high-NA lens (the component of z polarization is enlarged for ease to view). Finally, the dependence of the Raman spectra on the polarization direction between the sample orientation and the electrical fields of incident and scattered light is obtained as 
follows. The electrical fields of incident and scattered light are fixed in the y direction.
Regarding ei, because the high-NA liquid-immersion lens is used, the z polarization can be obtained:
where  is the component of the z polarization. For  = 0, this is correct in the (001) Si backscattering geometry.  was experimentally determined. Eq. (1) shows that for the Raman intensity, the rotations of the polarization directions of incident and scattered light are equivalent to the rotation of the sample, although the period for the sample rotation is half compared to those for the polarization rotations. In the experiments, the sample was rotated from 0 to 180, which is represented by the following equations:
  cos sin 0 sin cos 0
where Ri * rot and T are the Raman tensors after rotation by  and the transformation matrix,
respectively. 
and (32) The above stress states correspond to the load of 1.0 GPa. A unique profile can be obtained for each stress state, as shown in Fig. 6 . The profile for the hydrostatic stress remains constant all over the sample rotation angles because the degeneracy of the long-wavelength optical phonons does not lift under the hydrostatic stress. It should be noted that the profile becomes asymmetric only for the stress state with the nondiagonal components. As a result, the shear stress in Si is considered to be detectable by analyzing the dependence of the effective Raman shifts on the sample rotation angle. 
Samples
(001)-oriented SSOI substrates were used as the samples [53, 54] . Fig. 7(a) shows the cross sectional TEM image of the SSOI substrate. The structure of SSOI was strained Si layer/buried oxide (BOX) layer/Si substrate, which is the simplest structure among the strained Si substrates. The low-power consumption operation can be achieved due to the structure of Si on insulator (SOI) [55, 56] . The thicknesses of the strained Si layers were 30, 50, and 70 nm. An isotropic biaxial tensile stress state exists in the strained Si layer. For Si, three long-wavelength optical phonon modes are degenerate at the center of the Brillouin zone. On the other hand, the degeneracy lifts after the induction of stress and the frequency of each mode individually shifts depending on the stress. For the isotropic biaxial tensile stress, the frequency of each mode shifts on the lower-frequency side and splits into singlet and doublet. In the case of (001) Si backscattering geometry, the singlet and doublet Fig. 8 shows the optical phonon frequencies for Si and SSOI. Generally, the LO phonon mode which is Raman active under the (001) Si backscattering geometry is measured and the isotropic biaxial stress in the strained Si layer is evaluated using the b coefficient shown in Table 2 . A 80-nm-thick SiN film was deposited on a Si substrate by low-pressure vapor deposition. The inner stress of the SiN film was compressive due to its high density [10] . The compressive stress of approximately 1.0 GPa was observed by wafer bowing measurements [57] . Subsequently, the SiN film was etched to form an edge structure by EB and RIE. The cross-sectional TEM image of the sample is shown in Fig. 10 . The stress distribution in Si around the SiN film edge was reproduced using the edge force model [58] . According to this model, the nondiagonal stress component, i.e., shear stress component, is induced in Si at the edge of the SiN film.
The stress distribution around the edge of the stress film is validated using the following equations of the edge force model [58]: where xx and zz are the normal stress components in the direction of the x and z axes, respectively. xz is the nondiagonal stress component (shear stress component). Fx is the tangential stress at the interface of the stress film and a substrate at the edge of the stress film, which is represented by f  t, where f and t are the inner stress and the film thickness, respectively [58] . Each stress component is a function of x and z, which correspond to the lateral and depth directions of the substrate, respectively. The displacement along the y direction can be ignored because of the geometry. The plane strain assumption gives the stress components xx, yy, zz, and xz. Therefore, the stress tensor is represented by:
Fig . 11 shows the stress distribution in the substrate around the edge of the stress film, as calculated by Eq. 33. The inner stress of the film is assumed to be compressive (−1.0 GPa), and the film thickness is 80 nm. The positive and negative values indicate tensile and compressive stresses, respectively. First, large stress is induced around the edge of the stress film. The stress distribution around the edge is steep, especially for the stress components zz and xz. This fact indicates that high spatial resolution is needed to evaluate the nondiagonal stress component. Second, the opposite stress components xx and zz are confirmed between the region under the stress film and the space region; tensile stress appears in the region under the stress film, whereas compressive stress appears in the space region. 
Experimental configurations
We selectively obtained each optical phonon mode in Si by controlling incident and scattered electrical fields using polarizers and by sample rotation, which was based on the Raman polarization selection rules expressed by Eq. (1). Fig. 12 shows the various polarization configurations in liquid-immersion Raman spectroscopy. In the case of configuration (a), the LO phonon mode is Raman active. As shown in Fig. 12(a) , the directions of the incident and scattered electrical fields are parallel to each other. The parallel-polarization configuration is generally applied in conventional Raman spectroscopy. On the other hand, the cross-polarization configuration by rotating the polarizer by 90 for the scattered light shown in Fig. 12(b) results in the fact that the TO phonon modes are Raman active. The TO phonon modes are excited by the z polarization due to the high-NA liquid-immersion lens. In this case, the peak separation of the two TO phonon modes is needed in the analysis. In the case of configuration (c), the sample is rotated by 45 in the parallel-polarization configuration. In this case, one of the two TO phonon modes is Raman active. In the experiments, we applied the configurations (a) and (c) to separately obtain the LO and TO phonon modes. 
Si substrate
Stress film
For the measurements of nondiagonal sress components in Si, the dependence of the Raman spectra from Si at the edge of the SiN film on the relative polarization direction between the sample orientation and the electrical fields of incident and scattered light was analyzed in detail. The experimental polarization configuration in liquid-immersion Raman spectroscopy is shown in Fig. 13 . Both of the polarizations of the excitation laser and the scattered light were in the y direction. The sample was rotated from 0 to 180, as shown in Fig. 13 . Second harmonic generation of a neodymium-doped yttrium aluminum garnet (Nd:YAG) laser was used as the excitation source light in liquid-immersion Raman spectroscopy, the optical penetration depth of which is approximately 450 nm into Si [44] . The focal length of the spectroscope and the number of grating grooves were 2,000 mm and 1,800 mm [60] . For the oblique incident light configuration as shown in Fig. 1 , NA of the objective was 0.7. The glancing angles were 30 and 90, as shown above.
Stress calculation
Stress calculations in the SSOI nanostructures were performed by finite element method (FEM). The results of FEM were compared with the values of the anisotropic biaxial stresses xx and yy obtained by oil-immersion Raman spectroscopy. The virtual biaxial thermal expansion of Si was used and the nodes between the interface of SSOI and BOX were fixed in the FEM calculations. The initial stress value of SSOI before the etching was defined as 1.1 GPa, which was equal to the value obtained by the Raman measurements. The number of meshes was constant for all the SSOI nanostructures: the number of nodes was 13,226 and the number of elements was 11,500. The averaged stress value in the circle area with a diameter of 334 nm corresponding to the beam spot size at the center of the SSOI nanostructure was compared with the measured data. For the depth direction, the stress values throughout the SSOI thickness were averaged because the optical penetration depth of the excitation light was large enough.
Results and discussion
Excitation of TO phonon modes in oil-immersion Raman spectroscopy
Fig. 14 shows the Raman spectra of the LO phonon modes from the SSOI substrate in the oblique incident light configurations with the glancing angles of 30 and 90. Two peaks are seen in the Raman spectra because the excitation light ( = 532 nm) penetrates the strained Si layer, the BOX layer, and reaches the Si substrate. Therefore, the wavenumber on the highfrequency side (defined to be 520 cm −1 in this study) originates from the Si substrate, and the wavenumber on the low-frequency side originates from the strained Si layer with the isotropic biaxial tensile stress state. The Raman intensities obtained in the 30 and 90 configurations are almost the same, which is consistent with the calculations shown in Fig.  2 . Fig. 15 shows the Raman spectrum from the SSOI substrate in the TO active configuration. The glancing angle was 30. The fitting curves for the strained Si layer and the Si substrate are also shown in Fig. 15 . The explanation about the peak positions of the LO and TO phonon modes for SSOI are shown later.
From the results, the intensity ratio of the TO phonon mode from the strained Si layer obtained in the TO active configuration to the LO phonon mode from the strained Si layer obtained in the LO active configuration was calculated to be approximately 0.04. This value is almost the same as the theoretical value shown by Eq. (3). Using the oblique incident light configuration, the TO phonon modes were excited even for (001) Si. It is possible to completely eliminate the intensity of the LO phonon mode in the oblique incident light configuration in theory. Nevertheless, as shown in Fig. 15 , the LO phonon mode was observed in the TO active configuration. This result is considered that there are misalignments of polarization between the incident/scattered light and the orientation of the Si substrate. It is considered that this behavior easily happens because the intensity of the LO phonon mode is much higher than that of the TO phonon mode. Figure 14 . Raman spectra in 30° and 90° configurations Figure 15 . Raman spectrum in TO active configuration with fitting curves Fig. 16 shows the Raman spectra from SSOI in the LO and TO active conditions, respectively, obtained by oil-immersion Raman spectroscopy. The light-exposure time is 5 s and 300 s for the excitations of the LO and TO phonons, respectively. The Raman intensity shown in Fig. 16 was normalized by the Raman signal from the strained Si layer. It should be noted that the low-frequency peak from strained Si in the LO active condition is lower than that in the TO active condition, although the peaks from the Si substrate in each condition are at the same wavenumber. The difference of the peak positions can be explained by Eq. (17); the LO phonon mode is more affected by biaxial stress than are the TO phonon modes. Fig. 17 shows the result of fitting each peak. The LO phonon mode is detected irrespective of the TO active condition. This fact arises because the incident light with the polarization in the [010] Si direction generates even in configuration (c) shown in Fig. 12 due to depolarization effects [24] . It is considered difficult to avoid the depolarization effects for the SSOI substrate. On the other hand, it is reported that the contribution of the LO phonon modes can be decreased for the SSOI nanostructures because the depolarization effects relax due to the nanostructure [24] . It is considered that the peak separation of the LO and TO phonon modes is needed for the SSOI substrate to analyze the Raman spectrum obtained in the TO active configuration, while not necessary for the SSOI nanostructure. The wavenumber shift of the LO phonon mode for the strained Si layer in the TO active configuration was −4.56 cm −1 , which is consistent with the value of −4.60 cm  1 for the Raman peak obtained in the LO active configuration. Furthermore, the Raman peak intensity from the Si substrate in the TO active condition is higher than that in the LO active configuration. This behavior indicates that the Raman peak that originates from the LO phonon mode is superimposed onto the Raman peak that originates from the TO phonon mode. We claim that the TO phonon mode was excited by using the high-NA oil-immersion lens. Fig. 18 shows the Raman spectra from SSOI obtained by conventional Raman spectroscopy with the use of the NA = 0.7 objective. The dashed and solid lines denote the Raman spectra in the LO and TO active configurations, respectively. The light-exposure time of 3600 s for the TO active configuration is 400 times longer than that of 9 s (0.25% of 3600 s) for the LO active configuration. The intensity ratio of the TO to LO phonon modes are anticipated by the calculation shown in Table 2 . In Fig. 18 , the Raman intensity in each configuration is close to one another. Furthermore, the difference of the peak positions of the strained-Si layer in each configuration is confirmed, similarly to the results in oil-immersion Raman spectroscopy. These results indicate that the TO phonon mode was excited even in conventional Raman spectroscopy. However, the signal to noise ratio of the Raman intensity is bad. Moreover, the extremely long time measurements are necessary. In fact, it is difficult to perform mapping for obtaining biaxial-stress distributions in conventional Raman spectroscopy. We consider that it is important to use the high-NA liquid-immersion lens in order to excite TO phonon mode effectively and obtain biaxial-stress distributions in a realistic time. 
Measurements of anisotropic biaxial stress states in SSOI nanostructures
In-plane XRD measurements were performed to confirm strain in the strained Si layer. The diffraction from Si (220) and (220) were measured (the results are not shown). As a result, xx and yy were 7.5  10  3 and 7.4  10  3 , respectively. These results indicate that the stress state in the strained Si layer is almost isotropic biaxial throughout the wide area which is equivalent to the footprint of the incident X-ray.
PDPs were evaluated by oil-immersion Raman spectroscopy. The calculated biaxial stresses xx and yy in the strained Si layer are summarized in Fig. 19 
Measurements of anisotropic biaxial stress states in strained SiGe nanostructures
In this section, the evaluation of the anisotropic biaxial stress states in the SiGe nanostructures is shown. For the SiGe nanostructures, large compressive stress is induced because the lattice constant of SiGe is larger than that of Si. SSOI nanostructures. The crystal structure of SiGe remains diamond type, i.e., the methodology of evaluation for the anisotropic biaxial stress in Si shown above can be directly applied to strained SiGe. Figure 24 . Raman spectra of TO and LO phonon modes from SiGe nanostructures. Fig. 25 shows the Raman shifts of the TO and LO phonon modes for the SiGe nanostructures with W = 1.0, 0.5, and 0.1 m as a function of L. First, the large compressive stress exists because the Raman shift of stress-free SiGe with the 30% Ge concentration is approximately 500 cm -1 [64, 65] . From the results, the clear dependence of the Raman shifts on L and W were observed. It appears that the evaluation of the anisotropic biaxial stress states in strained SiGe is accomplished by oil-immersion Raman spectroscopy similar to evaluating strained Si. However, it is considered that the evaluation of strained SiGe is more difficult than that of Si. There are several unknown parameters for measuring stress in strained SiGe, e.g., PDPs of SiGe, precise Ge concentration, and peak position of stress-free SiGe. Various parameters have so far been suggested [64] [65] [66] [67] [68] [69] [70] . These problems are now under investigation.
Measurements of nondiagonal stress components
First,  (the contribution of z polarization) was determined from the Raman intensity ratio of the TO to LO phonon modes (the results are not shown Fig. 26 shows the comparison between the measured and calculated data of the Raman shifts dependences on the sample rotation angle. The experimental results were obtained by high-NA waterimmersion Raman spectroscopy. The measurement position was the region at the edge of the SiN film (the edge under the SiN film rather than in the space region). Features indicating the induction of stress with the nondiagonal component are clearly observed in the experimental results; the profiles of the Raman shift dependence on the sample rotation angle are asymmetric relative to 45 from 0 to 90 (or relative to 135 from 90 to 180). As previously shown, this behavior indicates that the shear stress component xz is induced in
Si at the edge of the SiN film. From Fig. 26 , there is a good correlation between the measured and calculated data. On the other hand, disagreements appear around sample rotation angles of 45 and 135. One possible explanation is that the polarization of the electrical fields of the incident and scattered light is modified by the SiN film. This modification is not included in the calculation. The Raman shifts appear to be small. This is explained as follows. The stress induced at the edge of the SiN film is localized in width and depth. It is considered that the measured stress is averaged in the region of approximately 390 and 450 nm which are the spot size and optical penetration depth of the laser, respectively. From the water-immersion Raman measurements, xz was approximately 0.1 GPa. This value was consistent with the result obtained by the edge force model after the correction for the spot size and the optical penetration depth of the laser (the results are not shown) [46, 58] . The methodology described here has the potential to measure complicated stress states in Si and SiGe even those with nondiagonal stress components.
Conclusion
We demonstrated the measurements of the complicated stress states in Si by high-NA liquid-immersion Raman spectroscopy. The z polarization was obtained due to the high-NA liquid-immersion lens, which allows for exciting the forbidden modes, the TO phonon modes, even under the (001) Si backscattering geometry. First, the TO phonon mode of the strained Si layer was observed in oil-immersion Raman spectroscopy. The peak positions of the strained Si layer were clearly separated in the TO and LO active configurations, although the Si substrate peaks remain at the same position in each configuration. This behavior indicates that the biaxial isotropic tensile stress state in the strained Si layer gives rise to the splitting of the optical phonon modes in Si. From the results, the LO phonon mode was more affected by biaxial stress than the TO phonon mode, which was consistent with the result obtained by solving the secular equations. Using the TO phonon mode as well as the LO phonon mode, the anisotropic biaxial stress states in the SSOI nanostructures were measured. As a result, the clear dependences of the biaxial stresses xx and yy on L and thickness were observed. xx decreased with the decrease in L, especially under L = 1.5 m, while yy remains almost constant. The values of yy for the SSOI nanostructures with the thickness of 30 nm are larger than those of 50 nm, which indicates that the thin SSOI nanostructures had immunity to the stress relaxation. The results obtained by oil-immersion Raman spectroscopy were consistent with the FEM calculations. We also measured the anisotropic biaxial stress states in the strained SiGe nanostructures by the same technique. Consequently, the clear dependence of the Raman shifts on L and W were observed similarly to the results for the SSOI nanostructures. Furthermore, the stress with the nondiagonal component, the shear stress component, in Si was measured by water-immersion Raman spectroscopy. As a result, the asymmetric profile was obtained for the dependence of the Raman shifts on the sample rotation angle.
This behavior indicates that the shear stress component xz is induced in Si at the edge of the SiN film. There is a good correlation between the measured and calculated data. High-NA liquid-immersion Raman spectroscopy enabled us to measure the complicated stress states in strained Si and SiGe with high spatial resolution even those with the nondiagonal stress component.
